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DESIGN AND ANALYSIS OF A PASSIVE OMNI-DIRECTIONAL
ACOUSTIC SWITCH
PAUL VIZZIO
ABSTRACT
This thesis details the creation of a novel acoustic device, one which requires no power and
is activated by the frequency of an acoustic wave. This device, named an acoustic switch
in this paper, lays dormant until a continuous wave acoustic signal excites it at its specific
design frequency, at which point it outputs a voltage. There currently are devices, namely
hydrophones, that yield similar results, but are not activated by a specific frequency. The
acoustic switch can be used in applications that require acoustic communications where
power usage is critical, such as in battery powered unmanned underwater vehicles. The
acoustic switch operates based on the principles of resonance induced by acoustic signals.
Resonance creates large displacement harmonic motion in a mass spring system and this
displacement can be converted to electrical signals. This thesis lays out the mechani-
cal design of three different types of acoustic switches, each acting on different modes of
resonance. The designs are analyzed numerically and through finite element analyses to
determine the resonance frequency of each as a function of size, and the sensitivity of each
design. A proof of concept prototype is constructed and successfully tested in the acoustic
laboratory at Boston University to prove that an acoustic switch can work. The analyses
show that designs can be created in the diameter range of 5 cm to 200 cm with actuation
frequencies from 2,000 Hz to 50,000 Hz, where the size is inversely proportional to the
actuation frequency. The designs can have sensitivities up to 15,000 Volts per Pascal of
peak pressure amplitude. The voltage output from the switch can either be used as is or
be fed to an ultra low power signal conditioning unit. The signal conditioning units use
energy efficient active electronics and have a battery life of up to 46 years. The acoustic
switch can usher in the development of a new category of low power sensors that can be
used in commercial, military, and consumer applications.
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Chapter 1
Introduction
Communication is ubiquitous in all aspects of society today and it could be argued that
it is among the most powerful and important aspects of our lives. Communication has
evolved from spoken language, to written texts, to digital signals. As communication
methods have evolved so too has the technology which propagates it. The largest and
most relevant technology currently is the internet, which encompasses an extraordinary
amount of hardware, software, and infrastructure. Initially the majority of the hardware
and infrastructure was composed of physically wired connections. With the advent of
WiFi, digital signals are easily and quickly transferred through wireless connections. The
backbone of WiFi, in addition to Bluetooth, NFC, and other similar wireless technologies,
is radio waves. Radio waves transmit easily through the air and for long distances, but are
highly attenuated in water, especially the more electrically conductive salt water [17].
1.1 Current underwater communication
Underwater communication is an ever growing research area and has many applications
ranging from military to commercial. The most notable military application is for sub-
marines, in which sailors must communicate wirelessly with various other ships and vehi-
cles through saltwater. Submarines aren’t the only military application as any unmanned
undersea vehicle (UUV) has the same requirements, it could even be argued that un-
derwater communications are more important in UUVs since there is no human driver to
troubleshoot any issues that arise. Other military applications would be unmanned surface
2boats, surface buoys, mines, underwater buoys and dormant underwater systems. Possibly
the largest non-military application requiring underwater communication is off-shore oil
rigs [32]. Some oil rigs are equipped with acoustically activated switches at the sea floor,
which when activated shut the flow of oil off. A system like this was not installed on the
Deepwater Horizon platform and some argue that this switch could have prevented the se-
vere oil spill that occurred [13]. Underwater communication is also required in commercial
remote operated vehicles (ROVs) and deep diving submersibles including those used for
commercial divers, explorers, underwater salvagers, and underwater researchers.
Underwater communication is currently done in one of three ways: acoustics, electro-
magnetics, and optics. Acoustic communication is by far the most used method and is
based on pressure waves [32]. Pressure waves propagate extremely well through liquid, and
to an even greater degree solids. The most common way in which acoustics is used for un-
derwater communications is through transducers called hydrophones, which are essentially
microphones that work underwater; like microphones they can be operated in reverse as
speakers as well. Electromagnetic waves can also be used, typically with lower frequency
waves such as in the extra low frequency (ELF) band, which is between 30 and 300 Hz
[32]. The electromagnetic spectrum runs from high frequency gamma and x-rays to low
frequency radio waves. While the visible spectrum is technically in the electromagnetic
spectrum, light is different in that it is not quite a wave and not quite a particle. Light
can be used in underwater communications similar to how fiber optics are used for high
speed signals in cables. Just like with electromagnetic waves, the propagation of light is
frequency dependent and environment dependent [17]. Underwater communication using
light is typically achieved through the use of lasers and is an active area of research [32].
1.2 Limitations of current underwater communication
While it may sound like different methods of underwater communication are mature, the
opposite is true as there are many limitations with the current technologies and research.
3In general, all underwater communication requires power and typically lots of it due to
the use of active electronics. Power usage is of primary importance for mobile applications
requiring batteries, such as UUVs. Non battery powered applications have to be wired
to something and as such are of limited mobility, an example of this would be acoustic
sensors resting on the seafloor that are wired to an onshore power supply. Outside of
battery applications, power in general comes with a monetary cost and any reduction in
cost is always welcomed. Current applications can also fetch extraordinary costs. The
acoustic switch in use in oil rigs costs in excess of $500,000 [13]. Another limitation of
some current systems is in false alarms. For the oil rig acoustic switch, false alarms are
noted to be a common occurrence and one of the main hindrances, other than cost, for oil
rigs to purchase them [13].
Between the three main types of underwater communications, acoustics has historically
been the best performing and most researched, but that does not necessarily make it the
best or most promising. Each of the three methods have their own advantages and disad-
vantages [17]. Current acoustic sensors have the best transmissibility and effective range
when compared to the other methods, but lag behind significantly in terms of propagation
speed and bandwidth. Currently, electromagnetic and optical underwater communication
methods have the same nominal speed, but the range and bandwidth of optical systems are
typically greater as well as having smaller antenna sizes. The properties of each commu-
nication method are laid out in Figure 1.1, which has been taken from reference [17]. The
main advantage, and one of the biggest reasons for its use in underwater communications,
of acoustics is its large advantage in effective range, which is up to two orders of magnitude
greater than the other methods.
1.3 What is an acoustic switch?
This thesis seeks to fill a void in current underwater communications by designing and
analyzing an underwater switch that can operate under extremely low power, is cheap,
4Figure 1.1: Underwater communication methods and their properties, reproduced from
[17].
and is reliable. An underwater switch operates much like a normal on/off switch, but
in this case it would work wirelessly underwater. Communication speed is not of critical
importance for this design, but effective range is; for these reasons acoustic operation is the
method explored. This thesis explores the ways in which acoustics can be used to excite
a resonance in a mechanical structure and how this resonance can be used to create an
electrical signal. A common example of acoustics causing resonant motion in a structure
is with a wine glass exposed to a sound wave at the resonant frequency of the glass. If the
amplitude of the wave is great enough, the wine glass will vibrate uncontrollably until it
breaks apart. The designs explored will all have resonance tunability in mind, such that
easy modifications can be made to create different operating frequencies.
An acoustic switch by itself can be used as an on/off control for the system it is attached
to, for instance it may create a wake-up signal or a signal to initiate an action. The
resonance frequency of the designs will be tunable and therefore multiple acoustic switches
can be used in parallel with each one operating on different frequencies. In its simplest form,
multiple switches can be used as multiple on/off control signals. A more powerful use for
multiple switches would be to use each one as an I/O bit in a binary communication signal,
thus creating a very low power acoustic communication system. Similarly the switches can
be used to make logic circuits, such as AND and NOR gates, and this can form the basis
of either a low power acoustic communication system or a computer based on acoustics
rather than electricity. An overview of these uses are presented in Figure 1.2.
5Figure 1.2: Acoustic switch uses.
1.4 How to design and analyze an acoustic switch
This thesis will start off by examining the acoustic properties of the ocean, including the
transmission loss as a function of frequency and typical sources of noise; this will show what
operating range the acoustic switch should be designed to. Market research will be laid out
to discuss all the similar designs and research that is publicly available, the most notable
designs being of hydrophones. The market research will be used to show how and why an
acoustic switch concept is different than what currently exists. Three general designs will
be discussed, each of which operates based on different modes of resonance. The first design
operates as a harmonic motion of the base in which the outer shell moves at the frequency
of the incoming pressure wave and this gets transmitted to an internal mass spring system
6that has a resonance the same as that of the frequency of the incoming pressure wave. The
second design makes use of mass spring systems that are exposed to the acoustic pressure
wave traveling through water and uses this time varying uniform pressure to compress and
decompress. The resonance frequencies of the mass spring systems are matched to that of
the frequency of the incoming pressure wave to create large deflections. The third design
utilizes the resonant modes of a hollow sphere to drive an internal mass spring system.
An acoustic wave that excites a hollow sphere at one of its normal modes will cause large
deflections at known points along the sphere; these deflections can be used in conjunction
with an internal mass spring system that is matched to the resonance frequency of the
sphere. This design is similar to that of the first design, but the motion in this case is
caused by normal resonant modes of the sphere instead of rigid body motion due to the
acoustic wave.
Each of the designs will be analyzed to determine its expected sensitivity as a function
of size and frequency, where sensitivity is defined as voltage output over pressure amplitude.
Due to the oscillatory nature of resonance, any voltage created will also be oscillatory. Since
the designs will be outputting a variable voltage, electrical interface circuits are designed
that can take the variable voltage and convert it to a typically used constant output voltage,
such as transistor-transistor logic voltage (TTL). The interface circuits are not necessary as
the system to which the acoustic switch(es) is attached can convert the voltage itself, but
will make the designs easier to interface with real world devices. The interface circuit may
also be necessary if an impedance mismatch occurs between the switch and the system it
is connected to. To conclude the thesis, a physical proof of concept was created and tested
in the acoustic lab at Boston University. The concept and tests show the feasibility of the
design and theory, rather than to experimentally verify the calculated data though future
work in this area would be useful.
Chapter 2
Acoustically activated resonance
2.1 Single degree of freedom oscillator
The natural frequency of a system, ωn, is the frequency at which the system will vibrate
freely after an initial disturbance. If the system is externally forced at its natural frequency,
a phenomenon known as resonance occurs in which the system undergoes large oscillations.
If the system is undamped, the oscillations grow infinitely while a damped system will
sustain oscillation magnitudes that are a function of the damping constant. In a forced
single degree of freedom (SDOF) system, the equation of motion is given by [30]
mx¨+ cDx˙+ kx = F (t) (2.1)
where m is the mass, x¨ is the acceleration, cD is the damping constant, x˙ is the velocity,
k is the spring constant, x is the displacement and F (t) is a forcing function.
2.2 Spring constants
The spring constant is a representation of the stiffness of a system. In the linear regime,
the force, F , applied to a spring is linearly proportional to its deflection,
F = kx (2.2)
This relationship can be applied to any material that follows Hooke’s law, E = σ, and
structures can be represented by an equivalent spring constant. In Hooke’s law  is strain,
8σ is stress and E is the Young’s modulus of the material. The deflection equations derived
in mechanics of materials can be thought of as mass-spring systems and equivalent spring
constants can be calculated [12]. For instance, consider a bar subjected to a force F .
F =
(
EA
L
)
x = kx (2.3)
k =
EA
L
(2.4)
Springs, like resistors in electronics, can form series and parallel networks. The equivalent
spring constant for parallel springs is
keq =
n∑
i=1
(kn) (2.5)
The equivalent spring constant for springs in series is
keq =
(
N∑
n=1
1
kn
)−1
(2.6)
2.3 Resonance
In the SDOF equation of motion, the forcing function F (t) can be taken as F (t) =
F0 cos (ωt) . The particular solution of this equation is given by [30]
xp (t) = X cos (ωt− φ) (2.7)
X and φ are constants, which describe the amplitude and phase shift of the response. The
solution of X and φ can be derived, the solutions of which are
X =
F0√
(k −mω2)2 + c2ω2
(2.8)
9φ = tan−1
(
cω
k −mω2
)
(2.9)
The undamped natural frequency, ωn, and the damping ratio, ζ , are given by
ωn =
√
k
m
(2.10)
ζ =
cD
2
√
mk
(2.11)
The damping ratio can be determined from a systems quality factor, Q, for small values of
damping (ζ < 0.05)
Q =
1
2ζ
(2.12)
The magnification factorM can be calculated through the use of the following two equations
δst =
Fo
k
(2.13)
r =
ω
ωn
(2.14)
to obtain
M =
X
δst
=
1√
(1− r2)2 + (2ζr)2
(2.15)
The corresponding phase shift can be written as
φ = tan−1
2ζr
(1− r2) (2.16)
It should be noted that as ζ approaches 0 and ω approaches ωn, the magnification ratio
grows infinitely. The physical meaning of the magnification ratio is that it is the ratio of
the deflection of the system at the forced frequency over the deflection of the system at a
static force F0.
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2.4 Spherical resonance
The resonance frequency of hollow spheres have been studied for many years and covered in
many publications. The paper written by Duffey et. al. presents the resonance equations
in a clear manner and compares the theoretical results with those obtained from FEAs [9].
The nth mode natural frequency can be calculated by
fn =
λn
2piR
(
E
µ (1− ν2)
)1/2
(2.17)
Where fn is the n
th mode resonance frequency, E is Young’s modulus, R is the radius, µ is
the mass density (imperial units of lbf-sec2/in4), ν is Poisson’s ratio, and λn is the solution
to the equation
αλ6n − βλ4n + δλ2n − γ = 0 (2.18)
The previous equation can be rewritten as
α
(
λ2n
)3 − β (λ2n)2 + δ (λ2n)− γ = 0 (2.19)
This cubic equation can be solved by calculating the roots, which will give three solutions
to λ2n. The smallest of the three roots is used in the calculation for fn. The previous
equation has variables α, β, δ, and γ, which can be calculated by the following expressions
r = n (n+ 1) (2.20)
ks = 1.2 (2.21)
cr = 2 (2.22)
k =
h2
12R2
(2.23)
c1 = 2k (2.24)
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kr = 1 + 1.8k (2.25)
k1 = 1 + k (2.26)
 =
1
k
(2.27)
α = 2ksk1
krk1 − crc1
1− ν (2.28)
β = (krk1 − crc1)
(
r +
4ks (1 + ν)
(1− ν)
)
+k1
[
 (k1 + c1) + cr + kr + 2ks (k1 + kr)
(
r
(1− ν) − 1
)]
(2.29)
δ = (c1 + cr) (1 + ν) (2− r) + kr (r (r − 3− ν) + 2 (1 + ν) ((r − 2) ks + 1)) + ...
...+ k1
(
2ksr
r + 4ν
(1− ν) + r (r + + ν) + (1 + 3ν) (− 2ks)− (1− ν)
)
(2.30)
γ = (r − 2) (r (r − 2) + 2ks (1 + ν) (r − 1 + ν) + (1− ν2) (+ 1)) (2.31)
After all of the coefficients and λn have been calculated, fn can be calculated.
The deflection of a hollow sphere due to an acoustic wave has been studied by many
researchers, but Waters gives one of the better presentations of the material in his dis-
sertation [35]. In his dissertation, he assumes the sphere to be completely submerged in
water and the interior of the shell to be filled with air. The properties of the water are
denoted by the subscript 1, the properties of the sphere are denoted by the subscript 2,
and the properties of the interior air are denoted by the subscript 3. This thesis will not
repeat all of the details presented by Waters, but the relevant equations will be discussed.
The process first starts by solving a linear matrix equation of the form Ax = b, where A
is a 6x6 matrix and x and b are vectors. The equation is solved for x, which is used as an
input into additional equations. An example of the deflection of a sphere as a function of
frequency is shown in Figure 2.1, in this particular configuration the minimum deflection
is 1.2×10−6 while the maximum deflection is 5.43×10−5 corresponding to a Q of 45.
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
d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36
d41 d42 d43 d44 d45 d46
d51 d52 d53 d54 d55 d56
d61 d62 d63 d64 d65 d66


an
bn
cn
dn
en
fn

=

A1
A2
A3
A4
A5
A6

where
d11 = a
2h(1)n (k1a) (2.32)
d12 =
[
− (λL2 + 2µL2) (kd2a)2 + 2µL2n (n+ 1)
]
jn (kd2a)− 4µL2 [kd2a] j′n (kd2a) (2.33)
d13 =
[
− (λL2 + 2µL2) (kd2a)2 + 2µL2n (n+ 1)
]
nn (kd2a)− 4µL2 [kd2a]n′n (kd2a) (2.34)
d14 = 2µL2 [n (n+ 1)] jn (ks2a)− 2µL2 [n (n+ 1) ks2a] j′n (ks2a) (2.35)
d15 = 2µL2 [n (n+ 1)]nn (ks2a)− 2µL2 [n (n+ 1) ks2a]n′n (ks2a) (2.36)
d16 = 0 (2.37)
d21 =
−k1a
ρ1ω2
h(1)
′
n (k1a) (2.38)
d22 = [kd2a] j
′
n (kd2a) (2.39)
d23 = [kd2a]n
′
n (kd2a) (2.40)
d24 = [−n (n+ 1)] jn (ks2a) (2.41)
d25 = [−n (n+ 1)]nn (ks2a) (2.42)
d26 = 0 (2.43)
d31 = 0 (2.44)
d32 = −2jn (kd2a) + 2 [kd2a] j′n (kd2a) (2.45)
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d33 = −2nn (kd2a) + 2 [kd2a]n′n (kd2a) (2.46)
d34 =
[
2− 2n (n+ 1) + (ks2a)2
]
jn (ks2a) + 2ks2aj
′
n (ks2a) (2.47)
d35 =
[
2− 2n (n+ 1) + (ks2a)2
]
nn (ks2a) + 2ks2an
′
n (ks2a) (2.48)
d36 = 0 (2.49)
d41 = 0 (2.50)
d42 =
[
− (λL2 + 2µL2) (kd2b)2 + 2µL2n (n+ 1)
]
jn (kd2b)− 4µL2 [kd2b] j′n (kd2b) (2.51)
d43 =
[
− (λL2 + 2µL2) (kd2b)2 + 2µL2n (n+ 1)
]
nn (kd2b)− 4µL2 [kd2b]n′n (kd2b) (2.52)
d44 = 2µL2 [n (n+ 1)] jn (ks2b)− 2µL2 [n (n+ 1) ks2b] j′n (ks2b) (2.53)
d45 = 2µL2 [n (n+ 1)]nn (ks2b)− 2µL2 [n (n+ 1) ks2b]n′n (ks2b) (2.54)
d46 = λL3
[
k2d3b
2
]
jn (kd3b) (2.55)
d51 = 0 (2.56)
d52 = [kd2b] j
′
n (kd2b) (2.57)
d53 = [kd2b]n
′
n (kd2b) (2.58)
d54 = [−n (n+ 1)] jn (ks2b) (2.59)
d55 = [−n (n+ 1)]nn (ks2b) (2.60)
d56 = kd3bj
′
n (kd3b) (2.61)
d61 = 0 (2.62)
d62 = −2jn (kd2b) + 2kd2bj′n (kd2b) (2.63)
d63 = −2nn (kd2b) + 2kd2bn′n (kd2b) (2.64)
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d64 =
[
2− 2n (n+ 1) + k2s2b2
]
jn (ks2b) + 2ks2bj
′
n (ks2b) (2.65)
d65 =
[
2− 2n (n+ 1) + k2s2b2
]
nn (ks2b) + 2ks2bn
′
n (ks2b) (2.66)
d66 = 0 (2.67)
A1 = −a2jn (k1a) (2.68)
A2 =
k1a
ρ1ω2
j
′
n (k1a) (2.69)
A3 = 0 (2.70)
A4 = 0 (2.71)
A5 = 0 (2.72)
A6 = 0 (2.73)
The variables used in the previous equations are the Lame´ parameters, µL and λL, den-
sity, ρk (k is an index differentiating the three layers), dilatational wavespeed in layer k,
cdk, shear wavespeed in layer k, csk, shear wavenumber in layer k, ksk ,and dilatational
wavenumber in layer k, kdk.
µL = G =
E
2 (1 + ν)
(2.74)
λL =
Eν
(1 + ν) (1− 2ν) (2.75)
cdk =
√
(λL + 2µL)
ρk
(2.76)
csk =
√
µL
ρk
(2.77)
ksk =
ω
csk
(2.78)
kdk =
ω
cdk
(2.79)
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Bessel functions were also used in the d matrix where jn is a spherical Bessel function of
the first kind, j
′
n is the derivative of jn, nn is a spherical Bessel function of the second kind,
n
′
n is the derivative of nn, h
(1)
s is the spherical Hankel function and h
(1)′
s is the derivative of
the spherical Hankel function. Spherical Bessel functions can be related to their ordinary
Bessel functions as:
jn (z) =
( pi
2z
).5
Jn+1/2 (z) (2.80)
nn (z) =
( pi
2z
).5
Nn+1/2 (z) (2.81)
hz (z) = jn (z) + inn (z) (2.82)
The first derivative of a Bessel function can be calculated by
j
′
n (z) =
1
2n+ 1
[njn−1 (z)− (n+ 1) jn+1 (z)] (2.83)
The overall radial displacement can be calculated by
ur,2 (r, θ, t) = poe
−iωt
{ ∞∑
i=0
in (2n+ 1)Pn (cos θ)
[
bnkd2j
′
n (kd2r) + cnkd2n
′
n (kd2r)
]
+ ...
...+
cot θ
r
∞∑
i=0
in (2n+ 1)
dPn (cos θ)
dθ
[dnjn (ks2r) + ennn (ks2r)] + ...
... +
1
r
∞∑
i=0
in (2n+ 1)
d2Pn (cos θ)
dθ2
[dnjn (ks2r) + enyn (ks2r)]
}
(2.84)
Where Legendre polynomials, Pn are used. The first order derivatives can be determined
through numerical differentiation while the second order derivatives are determined by
d2Pn
dθ2
= − cot θdPn
dθ
− n (n+ 1)Pn (2.85)
16
0 50000 100000 150000 200000
0
1e-005
2e-005
3e-005
4e-005
5e-005
6e-005
Frequency (Hz)
D
is
pl
ac
em
en
t (m
)
Displacement of Spherical Resonator
Figure 2.1: Plot of the maximum displacement of a hollow sphere as a function of frequency
for the n=2 mode. The Q for this particular configuration is 45.
2.5 Harmonic motion of the base
When the spring mass system is secured to a moving base, an equation of motion exists
for both the base and for the mass. The overall equation of motion of the two components
can be written as [30]
mx¨+ cD (x˙− y˙) + k (x− y) = 0 (2.86)
where x is the deflection of the mass and y is the deflection of the base. If the displacement
of y is represented as
y (t) = Y sin (ωt) (2.87)
and the particular solution of x is taken as
xp (t) = X sin (ωt− φ) (2.88)
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the displacement transmissibility and phase shift can then be calculated as
X
Y
=
(
1 + (2ζr)2
(1− r2)2 + (2ζr)2
) 1
2
(2.89)
φ = tan−1
(
2ζr3
1 + (4ζ2 − 1) r2
)
(2.90)
To determine the displacement of the mass relative to the base, a variable z is introduced.
z = x− y (2.91)
The equation of motion can then be rewritten
mz¨ + cDz˙ + kz = −my¨ = mω2Y sin (ωt) (2.92)
Where the steady state solution is given by
z (t) =
mω2Y sin (ωt− φ1)[
(k −mω2)2 + (cω)2
] 1
2
= Z sin (ωt− φ1) (2.93)
Z and φ1 can be expressed as
Z = Y
r2√
(1− r2)2 + (2ζr)2
(2.94)
φ1 = tan
−1
(
2ζr
1− r2
)
(2.95)
Chapter 3
Acoustic characteristics of the ocean
Acoustic waves generally travel very well through water, but the way in which they do so
is complex especially in oceans. Environmental variables affect the path of a sound wave
as well as its attenuation. In addition to the propagation of sound waves, significant en-
vironmental noise exists from biologic, environmental and commercial sources. Significant
research has been conducted in the area of acoustic wave propagation and environmen-
tal noise and a brief overview of attenuation and noise is presented in this section. The
performance of any acoustic switch is affected by acoustic attenuation and noise in the
ocean.
3.1 Attenuation
Attenuation, or absorption, is a measure of decay of a traveling wave through a medium.
If the wave travels through a highly absorptive medium, its signal decays as a function of
distance and therefore will not travel as far as if it were traveling through a minimally ab-
sorptive medium. Attenuation of acoustic signals occurs in water as a function of frequency
and the effects are larger in ocean water than pure water due to the various dissolved chem-
icals. The two main sources of sound absorption in oceans is by viscous absorption and
chemical relaxation effects [1]. Viscous absorption is most significant at higher frequencies,
generally above 100 kHz, while chemical relaxation effects are most significant at lower and
intermediate frequencies, generally less than a few hundred kHz. Chemical relaxation is
mainly due to boric acid, which is most significant at lower frequencies (a few kHz), and
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magnesium sulphate, which is most significant at intermediate frequencies (up to several
100 kHz). The magnitude of attenuation effects is not constant and is a function of many
environmental variables, such as pressure, temperature, salinity, and acidity [1]. Figure 3.1
is presented to show the effect that boric acid and magnesium sulphate have on the attenu-
ation of sound as a function of frequency; it should be noted that this is at a specific static
environment [10]. Figure 3.2 shows a plot of absorption in seawater as a function of both
frequency and temperature to show that absorption is effected by environmental effects
in addition to frequency [11]. It can be seen by the figures that attenuation is directly
proportional to frequency of the acoustic wave, as such any acoustic communication design
should be designed at the lowest possible frequency to minimize signal attenuation.
3.2 Environmental noise
Significant environmental noise exists in oceans and is dependent on many variables. Geo-
graphic location is one of the largest variables as different parts of the world have different
animals, ecologies, commercial shipping lanes, military exercises, weather patterns, and so
on, all of which are variables themselves in terms of noise. Environmental noise can come
from either the surface of the sea or in the sea itself. Sea surface noises are commonly
generated from surface ships, breaking waves and wind [17] [5]. Noises from in the sea
generally come from marine animals [17]. Shipping noise is typically the largest contrib-
utor to underwater ambient sound and is primarily in the 10-200 Hz range, the majority
of this sound is due to propeller cavitation [5]. From about 200 Hz up to around 100 kHz
the majority of noise is generated by wind, which causes sea surface agitation. The wind
creates breaking waves, which in turn create bubble clouds. These bubble clouds oscillate
at frequencies less than 500 Hz, while at higher frequencies the individual bubbles them-
selves resonate. Rain also produces noise and is generally peaked at 15 kHz. At 10 0kHz
thermal noise is prevalent, which is due to the random motion of water molecules [5]. To
plot noise as a function of frequency, a unit was created called the pressure spectral density,
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Figure 3.1: Absorption coefficient as a function of frequency, reproduced from [10].
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Figure 3.2: Absorption coefficient as a function of frequency and temperature, reproduced
from [11].
which is the mean squared pressure of noise within a given frequency band divided by the
bandwidth [17]. Figure 3.3 shows a plot of power spectral density vs frequency for various
locations [5]. This figure shows that ambient noise is inversely proportional to acoustic
frequency, as such any acoustic communication system should be designed to operate at as
high of a frequency as possible to avoid environmental noise.
Environmental noise is therefore inversely proportional to acoustic attenuation. The
design of an acoustic switch therefore would have to find a compromise between attenuation
and noise. The designs presented will take these considerations into account and show the
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Figure 3.3: Ambient noise in the ocean, reproduced from [5].
results for a broad range of frequencies as it would be up to the end user to find the balance
between attenuation and noise that best suits their application. The results of this thesis
could be used as references to the end user when picking their desired switch design and
operating frequency.
3.3 Optimal operating range
The environmental noise and attenuation numbers can be used to calculate the optimal
operating range for an acoustic switch through the use of the sonar equation, which is given
by [8]
LSN = SL− TL− (NL−DI) (3.1)
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where LSN is the signal to noise level (dB), SL is the source level (dB), TL is the trans-
mission loss (dB), NL is the noise level (dB), and DI is the directivity index (dB). The
transmission loss is a combination of attenuation loss and spreading loss, the noise level is
calculated from the noise graph and the directivity index is a measure of a receivers gain as
a function of sound direction; for omni-directional devices the directivity index is 0 dB. The
maximum source level is 240 dB re 1 µPa @ 1m; this is the maximum sound level before
cavitation starts to occur [27]. Spreading can either occur cylindrically or spherically and
this is dependent on both how deep the water is and how far away the signal travels. In
shallow water at long distances, the sound spreads cylindrically as it is bounded by the sea
surface on top and the sea floor on the bottom, while in deep water at short distances the
acoustic wave has room in all directions to spread out spherically [7]. Taking the worst
case results from Figure 3.1 and Figure 3.3, along with the maximum source level, spherical
spreading, and a 0 dB LSN , the maximum range as a function of frequency for an acoustic
wave can be calculated and this is presented in Figure 3.4. As can be seen from the plots
the lower the frequency of the acoustic signal the better. This shows that although noise
is highest at low frequency, the attenuation effects at high frequencies are stronger. An
acoustic switch will therefore be most useful if it can be designed to operate at as low of a
frequency as possible.
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Figure 3.4: Maximum range of an acoustic signal in the ocean. This is for spherical
spreading, worst case attenuation and noise, 0 dB signal to noise ratio and a 240 dB
source.
Chapter 4
Similar designs
4.1 Hydrophones
Hydrophones are sensors that can transmit and receive acoustic signals underwater; they
are basically microphones for underwater use [28]. Current hydrophones are typically
designed using piezoelectric materials that are acoustically coupled to the water through
impedance matching [37]. When an acoustic wave hits the piezoelectric element, it deflects
as a function of the wave amplitude and frequency. The deflection causes a voltage output,
which can be used as an input to a voltage reading interface to translate voltage into wave
amplitude.
An important aspect of hydrophone design is to ensure a flat voltage response along
all frequencies, this means that the hydrophone will output a voltage that is a function
of amplitude of the wave only and not from frequency [28]. The deflection response of
a structure changes with frequency and a notable spike occurs around the structure’s
resonant frequency [30]. To ensure that the piezoelectric’s deflection is constant among all
frequencies, the structure is often designed to be as stiff as possible to increase the resonance
frequency out of the usable range of the hydrophone. Some hydrophones are continuously
powered, often through the use of a preamplifier in addition to a post amplifier [33].
The designs that will be explored for an acoustic switch are very similar to that of
hydrophones, but the operation of the acoustic switch will be based on the resonant fre-
quency of the structure while hydrophones are designed to avoid operation in that range.
The acoustic switch design will focus on how to predict resonance of various structures and
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how to simply modify them to alter the resonant frequency. Hydrophones are typically
made of just piezoelectrics and therefore rely on just geometry to tune their resonance
frequency. The designs presented here are more elaborate in that they try to tune for reso-
nance by altering both geometry and by adding a mass. The principles of hydrophones and
the acoustic switch are the same, but the application and design parameters are different;
the principles of hydrophone design will be used in the design of the switch to make a
proven reliable sensor.
4.2 Vector hydrophones
Vector hydrophones are a specific type of hydrophone in which orthogonal accelerometers
are used in a structure. The design of a vector hydrophone is such that both the direction
and amplitude of the wave can be determined. An example of a vector hydrophone is
shown in Figure 4.1. Like typical hydrophones, vector hydrophones are designed to be
used well below their resonant frequencies [15]. Some of the acoustic switch designs that
will be explored will make use of the mechanical principles of vector hydrophones, but will
expand upon them further such that the operation will be tailored to work at resonance.
4.3 Oil rig blow out prevention
Oil rig blow out prevention (BOP) systems have been developed and used for many years,
the purpose of these systems is to shut off the flow of oil in case of an emergency. The
BOP systems reside on the ocean floor at the base of the oil pipe and typically have been
connected to the oil rig through a cord. Recent advances have been made into wirelessly
linking the oil rig to the BOP through the use of acoustics, and have been referred to
as acoustic switches. It has been argued that the Deepwater Horizon incident could have
been avoided had such a system been installed, but conflicting stories exist as to whether
it would have made a difference or not [13]. The current systems have been noted as being
extremely expensive, thought to be around $500K, and have been noted as being unreliable
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Figure 4.1: Vector sensor design, reproduced from [15].
and prone to cause unnecessary shut downs [13]. One such system is made by Nautronix
and called NASMUX [26]. The specifics of how the system works is unclear, most likely
due to intellectual property concerns, but it can be inferred that the system works through
powered acoustic modems, acoustic modems being systems of hydrophone transducers and
associated electronics to read and send signals [26]. A rendering of the NASMUX system
is shown in Figure 4.2. The acoustic switch designs explored in this thesis will operate
differently than these systems in that the cost will be much less, the reliability will be
greater, and the power used will be much less. The switches in this thesis will function
differently than these systems as well due to being operated at resonance rather than the
hydrophone based design.
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Figure 4.2: NASMUX system, reproduced from [26].
Chapter 5
Exploiting resonance
Mechanical resonance can be used in many different ways to create an electrical signal. This
thesis presents the most feasible of the ideas that were thought of. It has been proposed
that there exist two main ways to use the oscillatory motion of a resonating structure each
of which produces a different type of electrical signal. The first use would create an on/off
signal, while the other would create a pulsed signal. Both of the methods can be used to
create a usable output signal, but would do so in different ways.
The on/off signal would be created from an oscillating structure once it got to an
extreme deflection, by arriving at an extreme deflection it would either close or open a
circuit. The structure can either be destructive or latching, meaning that once it passed a
certain deflection it would either break in a predetermined manner or it will latch in place.
The latching could be accomplished through mechanical measures, such as passing through
a ratcheting mechanism at a predetermined maximum deflection, or by magnetic measures,
such as placing magnets at a predetermined maximum deflection. In order to reverse the
circuit, external assistance would be required and most likely from an electro mechanical
method, although reversal may not be possible with a destructive component. It should
be noted that an internal battery would be needed for these proposed on/off signals since
current needs to flow through the closed circuit.
The pulsed signal would be created from an oscillating structure while not impeding
its motion. The way in which the signal is created can be broken into electric generating
and non electric generating methods. In the electric generating category, the switch can
produce its own signal with no external battery or power source. The two electric genera-
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tion processes that were explored were piezoelectric materials and by using Faraday’s law.
Piezoelectric materials are ceramics which exhibit a voltage differential when subjected
to a dynamic mechanical strain and are commonly used for many sensors for this unique
intrinsic behavior. An oscillating structure experiences dynamic strain as a function of fre-
quency and can easily be outfitted with a piezoelectric material to create a voltage based
on this motion. Faraday’s law states that a change in the magnetic environment of a coil of
wire will cause a voltage to be induced in the coil. Faraday’s law can be exploited to create
a voltage by having an oscillating magnet pass through a coil of wire, in fact this is exactly
how most commercial shake flash lights work. Non-electric generated methods would be
similar to how the on/off signals would be produced as mentioned previously. Non latching
mechanical contacts or Hall effect sensors can be used at various points along the motion
of the oscillator. The contact would be closed, or the Hall sensors would be energized, as
the oscillator passed by thus creating a signal. The pulsed signals of the electric-generating
method would resemble alternating current (AC) signals since the voltage is output con-
tinuously and varies with time. The non-electric generating methods would create direct
current (DC) pulses at the frequency of the oscillator. A summary of the voltage outputs
are given in Figure 5.1.
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Figure 5.1: Visualization of acoustic switch voltage outputs.
Chapter 6
Acoustic switch design
6.1 Mechanical design
Three different designs have been explored, each acting to take advantage of a different
mode of resonance. The first designs presented are activated by a harmonic motion of the
base in which the whole assembly moves in response to an acoustic wave, and the internal
structure is excited. The second design is a low frequency design in which the pressure
of water around the concept acts to compress and decompress the exterior shell at the
frequency of the wave. The third design utilizes the resonant modes of the structure itself.
6.1.1 Motion of the base
The following designs make use of motion of the base. The entire structure will move as a
function of the incoming pressure wave and this motion will cause an internal resonant
system to oscillate at the forcing function of the acoustic wave. This subsection will
be broken up into two parts, the first of which discusses what type of internal resonant
structures could be used. For the second part, the most promising resonant structure will
be selected and actual designs of this structure will be presented.
6.1.1.1 Resonant structures
Several generic resonating structures have been explored. The ideal solution is one in which
resonance is omni-directional, meaning that an acoustic wave coming in any direction will
generate a resonance. For simplicity, this discussion begins with the simplest resonating
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structures and moves up to more complex ones. The first structure explored is that of
a rectangular cantilever beam with a mass at the end. The structure has many resonant
modes, but the simplest ones are the ones that operate perpendicular to the direction of the
cantilever. Since the structure is a rectangle, there will be two simple resonant modes one
of which is in the x direction and one of which is in the y direction (per Figure 6.1). Due
to there being two simple modes of resonance, this structure is referred to as bi-directional.
The resonance of the two simple modes is easily calculated by k = 3EI
l3
where I = wh
3
12
in which w is the width of the beam perpendicular to the direction of motion, l is the
length of the beam and h is the height of the beam [12]. The x direction and y direction
motion consists of different values of I and therefore different values of resonance. The next
design is that of a cantilever with an axially symmetric cross section, a circle. This type
of cantilever has a constant I in any direction and therefore will have the same resonance
for any wave in the X-Y plane; for this reason it is referred to as a planar cantilever. The
planar cantilever does have a third direction of resonance in the axial direction along the
cantilever, but this resonance is much higher than in the x or y direction.
To add an orthogonal resonance with the same natural frequency as the planar reso-
nance two different structures were designed, which are called the pseudo omni-directional
cantilever 1 and 2. The reason for the pseudo moniker is that the structure will have the
same resonance frequency in all three orthogonal directions, but it will be different in a
direction that is a combination of the orthogonal directions. The first design simply adds a
spring to the base of the planar cantilever, which has the same spring constant, thus mak-
ing a cantilever that has the same resonant frequency in all three orthogonal directions.
The second design is one in which a spring itself is designed such that its spring constant
is the same in all three orthogonal directions.
Alternately multiple cantilevers can be used and placed orthogonally to each other. To
get a truly omni-directional resonating structure, a spherical shape would be required. The
simple design presented here is one in which an internal spherical mass is surrounded by
a shell of elastic material. This design can be broken into two different concepts: one in
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which the internal mass is perfectly bonded to the external shell, and one in which the
internal mass is not bonded at all to the external shell.
Figure 6.1: Resonant structures.
If the internal mass is perfectly bonded to the exterior shell, the entire shell structure
acts to restrict the motion of the mass, thus making a very stiff mass-spring system. If
the internal mass is not bonded to the exterior shell, the only portion of the exterior shell
that restricts the motion of the mass is that which is normal to the motion of the mass
(Figure 6.2). No derivations of the stiffness have been found for either type of structure
and therefore have to be numerically calculated. The calculations are presented in the
analysis portion of this thesis.
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Figure 6.2: Visualization of non bonded structure opposing motion of mass.
6.1.1.2 Design of omni-directional switch
Designs of non bonded and bonded concepts have been proposed. The designs of both
are very similar and in fact only differ in the use of interlaminar epoxy. Each design can
further be broken down into one which contains an interface circuit and one that does not.
It has been noted previously that the interface circuit may or may not be necessary, but
has been considered in the design phase nonetheless. The non bonded design consists of
five main parts: the inner metal mass, the piezoelectric material, an outer metal shell,
waterproof epoxy, and wiring. The inner metal sphere is both the mass and a conductive
component and can be hollowed out and filled with an internal circuit, if necessary. The
internal circuit would be fixed to the now hollow sphere through the use of potting epoxy.
Around the inner metal sphere is a spherical shell of piezoelectric material, in this case
lead zirconate titanate also called PZT. Between the two components is a thin layer of
conductive fluid, the fluid acts to span any air gaps between the PZT and the inner metal
sphere; this ensures that any voltage produced by the PZT will be transferred to the metal
conductor. The gap shown in Figure 6.3 is exaggerated in size and the gaps will be invisible
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to the naked eye; therefore there will be friction between the PZT and the spheres that
acts to hold everything in place in terms of rotational motion. Around the PZT layer
is a metal spherical shell, which acts as a conductor and a fixed boundary for the PZT.
A layer of conductive fluid is placed between the PZT and the outer metal shell for the
same reasons that the fluid was placed between the inner sphere and the PZT. Outside of
the outer metal shell is a thin layer of non conductive epoxy, which is used to waterproof
the entire design. Two insulated wires run through the assembly and one is connected to
each of the two metal components for the assembly without the internal circuit. If the
internal circuit is included, the circuit is connected by two wires to each metal component
and then the output of the circuit is carried by an insulated signal and ground wire. The
design of the bonded concept is identical to that of the non boned except that the layers
of conductive fluid are replaced by layers of conductive adhesive. See Figures 6.3 and 6.4
for the non bonded and bonded designs, respectively.
Figure 6.3: Non bonded design.
6.1.2 Low frequency
A low frequency design is one in which the pressure gradient around an object is negligible
and the entire object is exposed to time varying uniform pressure (see Figure 6.5). The
varying pressure field will cause the object to compress and decompress. A low frequency
acoustic switch would be one which makes use of the compression and decompression in
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Figure 6.4: Bonded design.
a way to produce a voltage. There are many ways to create such a design and it is not
limited to the way presented in this paper. The low frequency design presented here can
be described as a series of piezoelectric plates along the outside of a solid non conductive
spherical structure surrounded by a pliable epoxy. The plates are adhered to the spherical
structure by a nonconductive structural epoxy. The exterior epoxy is pliable so that the
plates are exposed to the water pressure and as such compress and decompress as a function
of the water pressure. When an acoustic wave arrives at the device it will compress and
decompress the plates, which will create a voltage. Each plate can be wired in series to
create a higher voltage output and as such the design will be a function of the number of
plates used; this can be exploited by making use of as many plates as possible, but the
more plates that are added, the more cumbersome and complex the design becomes. The
inner spherical structure is nonconductive so that the plates can be wired in series without
creating any stray electric paths. Like with the harmonic motion of the base designs,
the inner sphere in this design could be hollowed out for internal electronics if required,
or two wires could be output directly from the piezo ceramics. The shape of the plates
was picked based on commercially available hemispherical piezoelectric ceramics that could
be modified to smaller semi-hemispherical caps. The number of plates picked was based
subjectively on maximizing the surface area coverage and output voltage, while minimizing
the number of plates used.
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Figure 6.5: Uniform pressure acting on sphere.
(a) Low frequency design, epoxy transparent. (b) Low frequency design showing series wiring.
Figure 6.6: Low frequency design.
6.1.3 Spherical resonator
A spherical resonator design is one which utilizes the deflection of a hollow sphere at its
natural resonance modes. A hollow sphere has natural resonance modes, meaning that
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when subjected to a pressure wave at a specific frequency it will vibrate in a known way.
Examples of resonant modes are shown in Figure 6.7. Although the sphere will distort
in a known way, the location of distortion is unknown since the sphere is symmetrical.
In order to try and predict the location of largest deflection, the design includes a steel
ring that fits inside a notch inside the sphere. The ring will increase the stiffness in the
area and thus make the sphere non symmetric, this should make the maximum deflection
occur at the extremes of the top and bottom half. A mass spring system is attached to the
extreme of one half, in this case it is a cantilever system made of a piezoelectric ceramic. A
cantilever will deflect much more than a solid piece of piezo and therefore should produce
more voltage. The cantilever can be used in this design because the motion of the sphere is
known and will always occur in the same direction, therefore the resonant system does not
need to be omni-directional. A cantilever is also very easily modified in terms of its spring
constant and resonance frequency by altering its dimensions and mass. In this design, the
cantilever is attached to a standoff structure, which attaches the cantilever to the extreme
of one half of the sphere; this gives more room for the cantilever to fit and flex. The design
is shown in Figure 6.8. Like the other designs, this can either have the wires directly
attached to the piezo, or an interface circuit can be built in and attached inside the sphere.
6.2 Electrical interface circuit
As part of this thesis, associated circuitry ideas have been proposed. The circuitry can
be included internal or external to the switch, and can be either active or passive. The
purpose of the circuitry would be to act as a signal conditioning step, if needed, between the
sensor and the system receiving the signals, whether it be a logic circuit, microcontroller,
microprocessor, or some type of similar system. The signal conditioning may not always be
necessary depending on the application, but has been addressed because many applications
will require a microcontroller of some sort and typically microcontrollers need a specific
voltage signal to operate, which might be too high for the switch to output.
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Figure 6.7: The first few natural modes of a sphere, reproduced from [2].
6.2.1 No active electronics
One idea has been proposed for a passive interface circuit in which a dual coil latching relay
is used as an on/off switch between a power source, which is an onboard battery, and the
system to be powered. The relay is dual coiled in that one coil activates the relay, while
one separate coil deactivates the relay. Isolating the activation and deactivation allows the
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(a) Shell and ring transparent. (b) Cut-view to show internals.
Figure 6.8: Spherical resonator design.
relay to work with the oscillatory nature of the signal being received from the piezo. Once
the relay gets a strong enough signal from the piezo it enables and will not disable due
to any oscillating signals from the piezo as would be seen from a single coil relay. The
second coil would be hooked up to the system, which will send a signal to be turned off
when deemed necessary, i.e. after all data has been taken or after a set amount of time.
Therefore, the piezo can only turn on the system and the system can only turn itself off.
The benefits of such an interface circuit would be that it is very simple and also passive.
Disadvantages lie in the current real world limitations of dual coil latching relays. The first
disadvantage is in the signal requirements of current devices in which the signal must be
above a certain voltage and current. Typical products can be found that operate on 1.13
volts and 133.9 mA [29]; this may or may not be an issue depending on the design and
usage of the acoustic switch. Another disadvantage is in quiescent power usage. In any
circuit design some power will be discharged in some fashion due to many variables, but
current products show quiescent power of 140mW [29], which could be more powerful than
active electronics designed for extremely low power loss.
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6.2.2 Extremely low powered electronics
Active electronics may be required for many reasons, and as previously discussed could even
be more power efficient than passive components drawing quiescent current. Using circuits
designed for low power usage, such as a sleeping microcontroller, could be an inexpensive
and simple way to interface between the piezo and the system. Another way to save power
would be to use the piezo to generate its own power. Vibration sensors have been used in
energy harvesting applications and could be applied here to replenish battery power with
low amplitude motion, which could occur with normal environmental variables. If it turns
out that any of the previous ideas will not work with a system, low power active electronics
can be used to convert the signal from the piezo to one which will work with the system.
6.2.2.1 Sleeping microcontroller
Current microcontrollers exist that contain a sleep mode, similar to the sleep mode on
computers. In this sleep mode, microcontrollers operate only essential programs and run
at a very low current draw until woken up by an external signal. This external signal
could potentially be provided by the acoustic switch, though microcontrollers tend to be
intolerant to non regulated voltage loads. Current microcontrollers exist that can operate
at as low as .1µA [21]. There also exists the chance of a false wake-up as the wake-up
voltage is typically not controllable on microcontrollers.
6.2.2.2 Energy harvesters
Energy harvesting circuits exist that interface with cantilever vibration sensors. The cir-
cuits take the alternating voltage output from an oscillating piezo and convert this to a
usable voltage and current. These integrated circuits (ICs) can be combined with various
other components to get elaborate battery charging solutions. By nature, energy har-
vesting circuits are designed to operate using low quiescent current; current commercial
products can use as little as 950nA current draw [16]. This could be used to create a power
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generating switch that uses acoustics for its energy source.
6.2.2.3 Signal conversion
If the voltage from the acoustic switch is not high enough to actuate any of the discussed
solutions, signal conversion circuits can be used. The signal can be used with a comparator,
which will send out a regulated output signal when it receives a high enough input signal,
an op-amp, which will amplify the signal coming from the switch, or with a metal-oxide-
semiconductor field-effect (MOSFET) transistor, which can be used similar to a relay in
that it will send out a regulated output signal given an input signal that is high enough.
Comparators work by taking two signals: an input signal and a reference signal. If the
input signal is greater than the reference signal, then the comparator outputs a voltage
signal. Many low power complementary metal-oxide semicoductor (CMOS) comparators
are commercially available. Typically the comparators come in two varieties: differential
signals, or signal relative to reference. A differential signal comparator takes two inputs
and compares them. If they are different by a set amount then the comparator will output
a signal.Iif the two are within a close range of each other then no signal is output. A
reference signal comparator has an onboard reference signal which must be exceeded to
get an output. If the input is lower than the reference then the comparator does not
output a signal. Some comparators have adjustable ranges and adjustable hysteresis to
account for any fluctuations due to noise. Depending on the signal levels expected from
the application of the acoustic switch, either variety of comparator could be used and there
is ample selection to chose from to fit most needs. The most significant benefit of using
a comparator is that it resolves very low voltage differentials, on the order of millivolts
or less. This would mean a very high sensitivity for the sensor. Another benefit is in the
availability of extremely low power circuits being available, some commercially available
parts advertise .6µA quiescent current [22].
Op-amps are the most common means of using active electronics to amplify a signal.
They increase the signal by a gain ratio, which is often user selectable by a combination
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of resistors and capacitors. Typically, op-amps use a lot of power as they are continuously
amplifying signals, but low power examples do exist. Current op-amps exist that use as
little as 1µA quiescent current [34].
MOSFETs are low power transistors that can be used as a relay, in fact they are
typically used as components in solid state relays. MOSFETs are continuously powered
and when an input signal is received that is above its threshold voltage, it will output
the voltage of its supply. MOSFETs typically require voltages above 1.5V to operate,
but there are solutions that exist for voltages in the range of .5-1.5V (ZVNL120A-ND).
Unfortunately, the operating current of MOSFETs are quite high relative to the other low
power components discussed; the current draw is typically around 100mA [6].
Chapter 7
Analysis
The equivalent spring constant and resonant frequency for each of the three design types
are calculated in this section. After calculating the resonant frequency, the deflection of
the piezoelectric of each design can be determined based on an incoming acoustic signal.
The deflection will be used to calculate the voltage output of each. A sensitivity variable
is calculated for each design in which sensitivity is defined as voltage output divided by
incoming pressure amplitude. The sensitivity of each design as a function of frequency will
be compared between all three designs to show the advantages and disadvantages of each.
The material properties used for all the calculations are presented in Tables 7.1, 7.2, 7.3
and 7.4.
Density 8000 kg/m3 [18]
Mass Density .000751 lbf-sec2/in4 [9]
Young’s Modulus 193 GPa [18]
Poisson’s Ratio 0.29 [18]
Table 7.1: 304 stainless steel properties.
Density 7500 kg/m3 [20]
Young’s Modulus 63 GPa [20]
Poisson’s Ratio 0.31 [23]
g .0197 Vm/N [23]
Q 600 [23]
Table 7.2: PZT properties.
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Density 1000 kg/m3 [3]
Wave Speed 1500 m/s [3]
Table 7.3: Water properties.
Density 1.225 kg/m3 [3]
Wave Speed 343 m/s [3]
Bulk Modulus 101,000 Pa
Table 7.4: Air properties.
7.1 Motion of the base
The motion of the base design can be broken into the bonded and nonbonded designs.
First the equivalent spring constant of each will be calculated as a function of radius and
piezoelectric thickness. Using the spring constant and the mass of the inner sphere, the
resonant frequency is easily calculated for each. The motion of the entire assembly is
calculated based on the paper written by Hickling [14], which is used as the base motion in
a harmonic motion of the base equation. The results of the harmonic motion of the base
will output deflection as a function of time. The deflection is used to calculate the strain,
and this can be used to calculate the voltage output as a function of size and frequency. The
sensitivity of each are then calculated by dividing the voltage by the pressure amplitude.
The analyses assume that the inner sphere is solid 304 Stainless Steel and the piezoelectric
layer is PZT, per the properties in Tables 7.1 and 7.2.
7.1.1 Equivalent spring constant
The equivalent spring constant of the bonded and non bonded designs are calculated in this
section. The non bonded design is first estimated numerically through a MATLAB script,
and then analyzed using finite element analysis (FEA) software to gain a more accurate
solution. The bonded design is then analyzed in the same manner.
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7.1.1.1 Non bonded
The non bonded design was analyzed first by assuming the piezoelectric layer to be a net-
work of springs (Figure 7.1). The MATLAB script discretizes the piezoelectric in the radial
and thickness dimensions in 2D and revolves about the center axis. The script calculates
the area, A, and thickness, L, of each element, of which the average area and average thick-
ness of each element are used in the spring constant calculations. The end points of each
element are calculated by trigonometry and the area is calculated by 2pix
√(
1 +
(
dx
dy
)2)
dy.
The spring constant of each element is calculated as cos(θ)KBAL , the cosine function is added
to calculate the spring constant normal to the thickness of the piezo layer; it is assumed
that the spring constant for the non bonded only acts normal to the thickness and does
not act in shear due to frictionless contact boundary conditions. The θ is representative
of the angle along the spherical surface where 0 degrees is in the direction of motion and
90 degrees is perpendicular. Bulk modulus is used in place of Young’s modulus since the
piezo layer does not allow radial expansion due to Poisson effects, where the Bulk modulus
is defined as KB =
E
3(1−2ν) [31]. The springs in the radial direction are all added together
as springs in parallel to form radial layers of equivalent springs. These equivalent springs
are then added together as springs in series to get the overall equivalent spring constant.
This script is looped through many values of radii, r, and piezo thicknesses to determine
the relationship between dimensions and spring constant. The results of the calculations
are plotted in Figure 7.2.
Finite element anaylses of several configurations have been run using Abaqus 6.10.
The model was run using quadratic tetrahedral elements for the piezo thickness and a rigid
analytic surface for the inner sphere. The interaction between the piezo and inner sphere
was defined as contact. A force of 1N was applied to the inner sphere and the deflection
of the sphere was calculated. The deflection and force were used to calculate the spring
constant by F = kx. The results are shown in Table 7.5.
Table 7.6 shows that the FEA and numerical results are of the same order of magnitude.
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Configuration Deflection (m)
100 mm ID, 20 mm Shell 4.32E-11
100 mm ID, 5 mm Shell 1.52E-11
50 mm ID, 20 mm Shell 1.42E-10
50 mm ID, 5 mm Shell 5.59E-11
10 mm ID, 20 mm Shell 1.13E-09
10 mm ID, 5 mm Shell 7.67E-10
Table 7.5: Non bonded FEA results.
Configuration FEA Numerical
Deflection
(m)
Spring
Constant(N/m)
Spring
Constant(N/m)
100 mm ID, 20 mm
Shell
4.32E-11 2.32E+10 3.08E+10
100 mm ID, 5 mm
Shell
1.52E-11 6.59E+10 9.67E+10
50 mm ID, 20 mm
Shell
1.42E-10 7.04E+09 9.89E+09
50 mm ID, 5 mm Shell 5.59E-11 1.79E+10 2.64E+10
10 mm ID, 20 mm
Shell
1.13E-09 8.87E+08 1.10E+09
10 mm ID, 5 mm Shell 7.67E-10 1.30E+09 1.76E+09
Table 7.6: Non bonded FEA and numerical results.
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Figure 7.1: Discretized PZT layer showing force boundary conditions at mass/PZT inter-
face for non bonded design.
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Figure 7.2: Non bonded spring constant as a function of radius and PZT thickness, nu-
merical model.
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In this thesis it is acceptable to have rough order of magnitude agreement so that relative
conclusions can be made between the three designs. The FEAs show that there are internal
shear stresses in the PZT layer that were not accounted for in the calculations. The FEAs
are assumed to be more accurate as they include all of the necessary elasticity relations,
whereas the numerical method presented in this paper only assumes the linear compressive
equations.
7.1.1.2 Bonded
The bonded design was first analyzed by assuming the piezoelectric layer to be a network
of springs (Figure 7.3). The MATLAB script discretizes the piezoelectric in the radial and
thickness dimensions in 2D and revolves about the central axis. This produces the results
for the lower half, the results are assumed symmetric and thus the results are multiplied
by two to get the full spherical model. The script calculates the area and thickness of each
element, of which the average area and average thickness of each element are used in the
spring constant calculations. The normal spring constant of each element is calculated as
cos(θ)KBA
L , and the shear spring constant of each element is calculated as
sin(θ)GA
L . The
shear and normal spring constant of each element are assumed to work in parallel and
therefore are added as parallel springs. It is assumed that each element acts in both shear
and normal due to the bonded boundary condition of the inner sphere to the piezo. Bulk
modulus is used in place of Young’s modulus since the piezo layer does not allow radial
expansion due to Poisson effects. Shear modulus is used in the shear calculations since
the spring acts in shear where the modulus is defined as G = E2(1+ν) [31]. The springs in
the radial direction are all added together as springs in parallel to form radial layers of
equivalent springs. These equivalent springs are then added together as springs in series
to get the overall equivalent spring constant. This script is looped through many values of
radii and thickness to determine the relationship between dimensions and spring constant.
The results are plotted in Figure 7.4.
Finite element anaylses of several configurations have been run using Abaqus 6.10.
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Figure 7.3: Discretized PZT layer showing force boundary conditions at mass/PZT inter-
face for bonded design.
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Figure 7.4: Bonded spring constant as a function of radius and PZT thickness, numerical
model.
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Configuration Deflection (m) Spring Constant(N/m)
100 mm ID, 20 mm Shell 1.04E-11 9.61E+10
100 mm ID, 5 mm Shell 3.21E-12 3.11E+11
50 mm ID, 20 mm Shell 3.42E-11 2.93E+10
50 mm ID, 5 mm Shell 1.19E-11 8.42E+10
10 mm ID, 20 mm Shell 3.67E-10 2.72E+09
10 mm ID, 5 mm Shell 1.97E-10 5.08E+09
Table 7.7: Bonded FEA results.
FEA Numerical
Configuration Deflection
(m)
Spring
Constant(N/m)
Spring
Constant(N/m)
100 mm ID, 20 mm
Shell
1.04E-11 9.61E+10 1.03E+11
100 mm ID, 5 mm
Shell
3.21E-12 3.11E+11 3.25E+11
50 mm ID, 20 mm
Shell
3.42E-11 2.93E+10 3.32E+10
50 mm ID, 5 mm Shell 1.19E-11 8.42E+10 8.86E+10
10 mm ID, 20 mm
Shell
3.67E-10 2.72E+09 3.69E+09
10 mm ID, 5 mm Shell 1.97E-10 5.08E+09 5.88E+09
Table 7.8: Bonded FEA and numerical results.
The model used quadratic tetrahedral elements for the piezo thickness and a rigid analytic
surface for the inner sphere. The interaction between the piezo and inner sphere was
defined as tied. A force of 1N was applied to the inner sphere and the deflection of the
sphere was calculated. The deflection and force were used to calculate the spring constant
by F = kx. The results are shown in Table 7.7.
Table 7.8 shows that the numerical and FEA results are of the same order of magnitude.
As is the case for the non bonded results, the order of magnitude agreement is acceptable.
The bonded FEAs show the same internal shear stresses that the non bonded FEAs show
and this again was not included in the numerical analysis.
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7.1.2 Resonance frequency
The resonance frequency for the non bonded and bonded designs has been calculated as
ωn =
√
k
m . The mass of the inner sphere was determined by calculating its volume as a
function of its radius, V = 43pir
3, and multiplying this by its density, ρ. The inner sphere
was assumed to be steel for these calculations. Since the results of the resonance frequency
are linearly proportional to the results of spring constant, only the results of resonance
frequency calculations are shown as the differences between each method is exactly the
same as previously presented. The resulting plot for the non bonded design is shown in
Figure 7.5, while the resulting plot for the bonded design is shown in Figure 7.6.
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Figure 7.5: Non bonded resonance, determined numerically.
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Figure 7.6: Bonded resonance, determined numerically.
7.1.3 Motion of sphere from acoustic pressure signal
The motion of a rigid movable sphere underwater subject to sound has been studied by
Hickling and Wang [14]. The derived equations are a function of the initial amplitude of
the pressure wave, P0, the radius of the sphere, a, the density of the liquid, ρ, the density
of the sphere, ρ1, the velocity of sound in the liquid, c, the wavenumber, K, the non-
dimensionalized wavenumber, xw, the angular frequency of the wave, ω, time, t, and the
wavelength of the wave, λ.
The rigid body displacement equation is relative to the center of the sphere and ex-
pressed as [14]:
U =
[
(P0a)
(ρc2)
(
i
xw
)
e−iωt
]
B (xw) (7.1)
Where the expression in the square brackets calculates the displacement of an incident
pressure wave and the non-dimensional B (xw) function is calculated based on the applied
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boundary conditions [14]:
B (xw) =
3i
(x2wQ)
(7.2)
Q = ξxw
d
dxw
h1 (xw)− h1 (xw) (7.3)
ξ =
ρ1
ρ
(7.4)
Q is a function of spherical Bessel functions of the first kind which are expressed as
[36]:
h(1)n (z) ≡
√
pi
2z
H
(1)
n+1/2 (z) (7.5)
h
(1)
0 (z) =
−ieiz
z
(7.6)
h
(1)
1 (z) = −eiz
z + i
z2
(7.7)
h
(1)
2 (z) = ie
iz z
2 + 3iz − 3
z3
(7.8)
d
dz
h(1)n (z) =
1
2
[
h
(1)
n−1 (z)−
h
(1)
n (z) + zh
(1)
n+1 (z)
z
]
(7.9)
Using these equations, a plot has been created in Figure 7.7 to show the normalized max-
imum displacement of a submerged sphere subjected to an acoustic wave as a function of
frequency. The equations are functions of dimensions and density, as such this plot assumes
a constant sphere radius of 3 cm and a density of 8,000 kg/m3.
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Figure 7.7: Maximum displacement multiplier of a submerged sphere subjected to an
acoustic wave as a function of frequency. The multiplier has been normalized to 1. The
data presented is for a sphere of radius 3 cm and a density of 8,000 kg/m3.
7.1.4 Deflection, strain and voltage
The equations of motion of a sphere can be used to determine the motion of a sphere inside
of a hollow sphere by treating it as a harmonic motion of the base problem. The outer
hollow sphere can be considered to be a spring and the inner sphere can be considered a
mass. The displacement of the mass is represented by x, the displacement of the base is
represented by y, and z is used to calculate the motion of the mass relative to the base
[30]. The piezo thickness is used to calculate the strain and deflection of the piezo, which
can be used to calculate the voltage output. Figures 7.8 and 7.9 show the deflection of the
piezoelectric layer in the non bonded and bonded designs, respectively.
Piezoelectric materials exhibit a voltage differential across its thickness as a function
of the deflection vector, this means that a compressive deflection will produce the opposite
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voltage of a tensile deflection [24]. Piezoelectric ceramics exhibit non-isotropic intrinsic
material properties, one of them being voltage differential. Piezos can be physically altered
through a process called poling, this alteration means that the properties can be controlled
based on application. Poling can make a piezo ceramic exhibit a positive voltage due
to compression, and vice-versa. In the non bonded design, the deflection is only in one
direction along the PZT, meaning that all of the PZT deflection is either in compression
or tension at one point in time and therefore the voltage will be the same along the entire
piezo layer. Due to this constant voltage, it is easy to attach electrodes on either side of
the piezo layer and get a voltage output.
The bonded design, on the other hand, has its piezo layer in a mixture of tension
and compression and therefore a complex voltage vector as a function of position. If the
direction of motion was known, then the piezo could be polled to match the direction of
deflection and the overall voltage output could be predicted; however, the design is meant to
be omni-directional and the direction of motion is never known. Not knowing the direction
vector makes the option of polling unfeasable. One solution would be to break the piezo
layer into many smaller segments and have each one connected to its own interface circuit
with all interface circuits being connected to get the overall voltage. The added complexity
of this design was deemed to be far too high to get a meaningful real world product as the
interface components would become too cumbersome and too large. For this reason, the
voltage output of the bonded design has not been calculated and only the results of the
non bonded design are shown.
The motion of the base, the outer sphere in this case, is known from the Hickling
analysis and is represented as [30]
y (t) = Y sin (ωt) (7.10)
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Figure 7.8: Representation of deflection in non bonded design, the direction and magnitude
of deflection determine the current flow.
Figure 7.9: Representation of deflection in bonded design, the direction and magnitude of
deflection determine the current flow.
The equation of motion of the mass relative to the base can be rewritten as:
mz¨ + cDz˙ + kz = −my¨ = mω2Y sin (ωt) (7.11)
Where:
z (t) =
mω2Y sin (ωt− φ1)[
(k −mω2)2 + (cω)2
] 1
2
= Zsin (ωt− φ1) (7.12)
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z (t) is the deflection of the piezo, which can be written as δ (t) and this can be used
to determine the strain of the PZT,  (t). To determine the maximum voltage output,
the maximum deflection is used, which is represented by Z and can be rewritten in more
familiar terms as 
 =
δ
L
=
Z
L
(7.13)
Strain can be related to stress in a Hookean linear isotropic material by [12]
σ = E (7.14)
The electric field of a piezoelectric ceramic is given by [24]
Ef = −gσ (7.15)
where g is an intrinsic material property called the piezoelectric voltage constant [24].
This property is non isotropic, but is assumed to be isotropic in this paper for an order
of magnitude approximation. The g33 property is used, which is the typical thickness
parameter. The electric field can be converted to voltage by
V = EfL (7.16)
By combining the previous equations, the voltage output of a piezoelectric ceramic can be
represented as
V = EfL = −gσL = −gEL = −gEδ (7.17)
A MATLAB script was written for the non bonded calculations, which runs through a
range of sphere radii at a constant PZT thickness. At each radius a separate for loop is set
where the device is excited by a continuous constant pressure wave at a given frequency,
the frequency is increased by a given amount with each pass. At each frequency, the
maximum motion, deflection, and voltage is output. This gives a maximum voltage output
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for every frequency at every radius. The script divides each voltage output by the pressure
amplitude to get a sensitivity in units of volts/Pascal. The script plots the overall results
for sensitivity as a function of sphere size and incoming acoustic frequency while keeping
the PZT thickness constant. Example plots are shown for the model with a 2 cm PZT
thickness in Figures 7.10 and 7.11.
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Figure 7.10: Plot showing the sensitivity of the contact motion of the base design as a
function of outer radius and frequency.
Two noteworthy observations can be drawn from the plots, the first being that the
sensitivity at the resonance of the structure is 600 times larger than the response outside
of the resonance, this is due to the Q of the PZT. The second noteworthy observation
is that the higher the frequency, the lower the sensitivity. This is due to the general
relationship between size and incident frequency in which the smaller an object is relative
to the frequency, the more it is displaced. This is in agreement with the results from [14]
and can be seen in Figure 7.7. The nominal low frequency sensitivity is between .015 and
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Figure 7.11: Plot showing the sensitivity of the contact motion of the base design as a
function of frequency for several different outer radii.
.07 V/Pa, while the sensitivity at resonance is a maximum of 9 V/Pa.
7.2 Low frequency
The low frequency design is first analyzed by calculating its spring constant and resonance
frequency as a function of radius and piezo electric thickness. The deflection of the outer
plates is calculated as a function of frequency based on the single degree of freedom har-
monic vibration equations. The deflection is used to calculate the strain, and this can be
used to calculate the voltage output as a function of size and frequency. The sensitivity
is then calculated by dividing the voltage by the pressure amplitude. The piezoelectric is
assumed to be made out of PZT.
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7.2.1 Equivalent spring constant
The equivalent spring constant of the low frequency design is calculated in this section.
The design is assumed to be comprised of 6 independent semi-hemispherical caps made
of PZT. Each cap is assumed to be identical and therefore the spring constant of only
one is calculated. The PZT spring constant is assumed to be that of a simple beam in
compression where k = EAL . Since the pressure is applied uniformly the thickness of the
equivalent spring is always constant, given that the PZT shell thickness is constant. The
surface area differs throughout the thickness due to the dependence of surface area on
radius. The area is taken as the average of the surface area at the sphere/PZT interface
and the surface area of the exterior of the PZT. The inner surface area is given by
Ai = 2pirhi (7.18)
where
hi = r − rcos (θ) (7.19)
and the outer surface area is given by
Ao = 2pi (r + t)ho (7.20)
ho = (r + t)− (r + t) cos (θ) ; (7.21)
A MATLAB script has been created that goes through two loops to calculate the spring
constant for this design at a given range of inner radii and PZT thicknesses. The resulting
spring constant output plot is shown in Figure 7.12.
7.2.2 Resonance frequency
The resonance frequency of this design is calculated as ωn =
√
k
m and converted to Hz by
dividing by 2pi. Since there is no mass at the end of the PZT layer, the mass of the PZT
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Figure 7.12: Spring constant of low frequency design.
itself has to be taken into consideration. The mass is taken as an equivalent mass of one
PZT plate, given by meq =
m
3 [30]. The mass is calculated by multiplying the volume of
one plate by its density. The volume of the plate is calculated by integration. For instance,
if y2 < y3 (Figure 7.13)
A (y)1 = pi
(
y2 −
√
r2 − y22
)
= pi
(
2y2 − r2) (7.22)
A (y)2 = pi
(√
(r + t)2 − y2
2
−
√
r2 − y22
)
= pi
(
2tr + t2
)
(7.23)
A (y)3 = pi
(√
(r + t)2 − y2
2)
= pi
(
r2 + 2tr + t2 − y2) (7.24)
V1 =
∫ y2
y1
pi
(
2y2 − r2) dy = piy(2y2
3
− r2
)∣∣∣∣y2
y1
(7.25)
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Figure 7.13: Dimensions of low frequency plates where y2 < y3.
V2 =
∫ y3
y2
pi
(
2tr + t2
)
dy = piy
(
2tr + t2
)∣∣y3
y2
(7.26)
V3 =
∫ y4
y3
pi
(
r2 + 2tr + t2 − y2) dy = piy(r2 + 2tr + t2 − y2
3
)∣∣∣∣y4
y3
(7.27)
Vtotal = V1 + V2 + V3 (7.28)
Figure 7.14: Dimensions of low frequency plates where y2 > y3.
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If y2 > y3 (Figure 7.14), the same approach is followed, but where
A (y)1 = pi
(
2y2 − r2) (7.29)
A (y)2 = pi
(
y2
)
(7.30)
A (y)3 = pi
(
r2 + 2tr + t2 − y2) (7.31)
V1 = piy
(
2y2
3
− r2
)∣∣∣∣y3
y1
(7.32)
V2 = pi
y3
3
∣∣∣∣y2
y3
(7.33)
V3 = piy
(
r2 + 2tr + t2 − y
2
3
)∣∣∣∣y4
y2
(7.34)
Vtotal = V1 + V2 + V3 (7.35)
The analysis calculates the spring constant and also calculates the resonant frequency
and does so at the same radii and thicknesses. The resulting output is shown in Figure 7.15.
7.2.3 Deflection, strain and voltage
The force applied to each disk is given by
F = PA (7.36)
The maximum deflection of each plate is given by [30]
X =
F√
(k −meqω2)2 + c2Dω2
(7.37)
where
cD = 2ωnζmeq (7.38)
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Figure 7.15: Resonance frequency of low frequency design.
This deflection is converted to voltage by
V = EfL = −gσL = −gEL = −gEδ (7.39)
The voltage is divided by the pressure amplitude to get the sensitivity of the design as a
function of frequency and inner radius size while keeping the PZT thickness constant. The
resulting output plot for a PZT thickness of 2 cm is shown in Figures 7.16 and 7.17.
The analysis shows that increasing the radius of the low frequency design while keeping
the PZT thickness constant does not have a considerable effect on the resonance frequency
or the sensitivity. The thickness of the PZT has been kept constant in the examples
presented so that a comparison between this design and the motion of the base design
could be compared under similar variables, the main variable being the thickness of the
piezo layer. It can be seen from Figure 7.15 that the resonance frequency of this design
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Figure 7.16: Sensitivity of low frequency design as a function of frequency and size. The
PZT thickness is a constant 2 cm.
will decrease with an increase in piezo thickness. The response at resonance is a maximum
of 600 times greater than in the areas away from resonance. The minimum sensitivity of
this design is .25 V/Pa, while the response at resonance is 150 V/Pa.
7.3 Spherical resonator
7.3.1 Resonance frequency
For this thesis the second normal mode, n=2, is used as it is the lowest frequency mode
and easiest to predict the locations of motion. Examples of the first few modes of a hollow
sphere are shown in Figure 7.18 [9].
A MATLAB script has been created that takes the equations from Chapter 2.4 and
calculates the resonant frequency as a function of radius and shell thickness through two
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Figure 7.17: Sensitivity of low frequency design as a function of frequency for several radii.
The PZT thickness is a constant 2 cm.
Figure 7.18: The first three normal modes of complete spherical shell, n=2 (left), n=3
(middle), n=4 (right), reproduced from [9].
for loops. The resulting output plot is shown in Figure 7.19.
7.3.2 Deflection, strain and voltage
The deflection of a sphere at n=2 is used in this design and coupled to a cantilever beam.
The radial deflection of the sphere is coupled to the base of the cantilever and this creates
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Figure 7.19: Resonance (n=2) of spherical resonator as a function of radius and shell
thickness.
a harmonic motion of the base. The cantilever in this case is in a bimorph configuration,
which means that the top half and bottom half of the cantilever are polled in opposite
directions (polling refers to the direction of current flow in a piezo ceramic) since one half
is experiencing tension while the other is experiencing compression, and the voltage is given
by Morgan as [25]
V = 2× 10−2
[
l2F
hLtw
]
(7.40)
Where l is the free length of the beam, F is the force exerted at the end of the beam, h
is the thickness of the beam, Lt is the total length of the beam, and w is the width of the
beam (all in SI units). From elasticity theory, the deflection of the beam, δ, and its spring
constant, k, can be calculated as [12]
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δ =
Fl3
3EI
(7.41)
k =
3EI
l3
(7.42)
where E is the Young’s modulus of the beam, and I is the moment of inertia, defined as
I =
wh3
12
(7.43)
The deflection and voltage equations can be rewritten as
δ =
12Fl3
3Ebh3
=
(
4Fl2
bh
)(
l
Eh2
)
(7.44)
V =
(
Fl2
bh
)(
2x10−2
Lt
)
(7.45)
The deflection formula can be combined with the voltage formula to get voltage as a
function of deflection and total length of beam.
V =
(
δEh2
l
)(
2x10−2
Lt
)
(7.46)
The deflection can be calculated by a harmonic motion of the base in which Z = δ (from
motion of the base). Coupling the harmonic motion of the base equation and the voltage
equation yields
V =
(
ZEh2
l
)(
2x10−2
Lt
)
(7.47)
An analysis has been created that will loop through a number of radii at a constant
thickness. The resonant frequency of each radius configuration is calculated based on
the method in the previous section. At each radius, a cantilever beam is specified that
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will match the resonance frequency of the sphere. The cantilever length was chosen as
being proportional to the inner radius of the first sphere configuration (Figure 7.20). The
dimensions of the cantilever were subjectively chosen to fit within the sphere, and as such
does not represent the optimal configuration for voltage output. The thickness was set
to .5 mm, the width is 25% of the inner radius of the first sphere configuration and the
length is the same as that of the inner radius of the first sphere configuration. All of the
dimensional variables were based on the first sphere configuration such that the voltage
output is not affected by changes in the cantilever. The mass is set as the lone changing
variable and is calculated to match the resonance frequency of the beam to that of the
sphere by m = k
ω2n
. After the cantilever dimensions were calculated, two more nested for
loops are implemented. The first loop imparts an acoustic wave at a given frequency on
the sphere. The next loop calculates the deflection of the sphere at locations from 0-180
degrees in 1 degree increments; this step is necessary because the deflection is a function
of location on the sphere and it is not known where the maximum deflection will occur.
Since we are using the n=2 mode where the major deflection occurs in 2 locations 180
degrees apart from each other, the values only need to be determined for 180 degrees of the
sphere. The maximum deflection from 0-180 degrees is taken as the maximum deflection
of the sphere and this nested for loop is closed out. The code then proceeds to the next
frequency. These two nested for loops are done until the desired amount of frequencies are
tested at each radius. The overall Q of the design will be a combination of the Q from the
spherical displacement, which was shown to be around 45 in Figure 2.1, and the Q of the
cantilever. The sensitivity results are shown in Figures 7.21, and 7.22.
Based on Figure 7.21, the Q factors of the three sphere radii range from 455 to 583.
The nominal sensitivity ranges between 5-30 V/Pa while the resonance sensitivity ranges
from 3,000 - 15,000 V/Pa. The mathematical complexity in this design resulted in a sparse
sensitivity plot when compared to the other designs due to the computer processing power
and time required to run the MATLAB code. This sparse sensitivity means that there
may be inaccuracies in the plot, especially around resonance, since the bandwidth of each
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Figure 7.20: Dimensions of cantilever used in voltage calculations.
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Figure 7.21: Sensitivity of the spherical resonator design as a function of frequency for
several sphere outer radii.
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Figure 7.22: Sensitivity of the spherical resonator design as a function of size and frequency.
resonance is small and the discrete frequencies picked may not line up at a favorable spot in
the resonance bandwidth. Like the other results, there is a clear area of resonance of narrow
bandwidth in which the sensitivity is two orders of magnitude greater than that outside
of resonance. In general it appears that sensitivity increases with decreasing resonance
frequency and similarly increases with increasing size (Figure 7.21). Figure 7.22 shows the
effect of size and frequency on the sensitivity of the spherical resonator. Due to the sparse
calculations, the line is disjointed and not as clear as the other sensitivity plots. A clear
trend can be seen, however, in that the smaller the radius of the resonator the higher the
resonance frequency, which corresponds with the high values of sensitivity. There are also
some spurious areas of high sensitivity away from the trendline corresponding to harmonics
of the resonance frequency for a given sized sphere. The reason for the harmonics can be
seen in Figure 7.21 where there are displacement peaks away from resonance at frequencies
that are multiples of the resonance, these peaks are smaller in amplitude than at resonance.
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7.4 Overall results
The sensitivities of all three designs were compared to one another. Figure 7.23 shows all
three designs compared to one another as a function of size, note that the vertical axis is on a
logarithmic scale due to the large range of sensitivities. Figure 7.24 shows all three designs
compared to one another as a function of frequency, note that the vertical axis is on a
logarithmic scale due to the large range of sensitivities. Each design uses constant thickness
PZT in order to minimize variables. Figure 7.23 shows that for similarly sized designs, the
spherical resonator produces the highest sensitivity, followed by the low frequency design,
and followed then by the motion of the base design. The difference between the sensitivities
spans several orders of magnitude with the spherical resonator design having sensitivities in
the 10,000 V/Pa range, the low frequency designs having sensitivities in the 150 V/Pa range
and the motion of the base design having sensitivities in the 10 V/Pa range. Figure 7.24
shows the three designs plotted against frequency and this plot shows that the spherical
resonator and motion of the base designs have similar operational frequencies in the 2,000-
20,000 Hz range, while the low frequency design operates on higher frequencies in the
40,000-50,000 Hz range. The ranges and frequencies of each design are not all inclusive
in that this is just a comparison between the three while keeping design variables to a
minimum. For example, changing the piezo thickness of the low frequency design will
lower the operational frequency, while increasing the thickness of the shell and PZT in the
spherical resonator design will increase its operating frequency.
The effective range of an acoustic switch can be calculated by altering the calculations
presented in Figure 3.4 and using the results of the three designs. It is important to get the
activation pressure above that of the noise so that noise does not activate the switch, but
the higher the activation pressure the less the range of the switch. A signal to noise ratio
of 10 dB has been proposed as a reasonable compromise, this corresponds to an activation
pressure 3 times greater than the noise. Based on the electrical interface circuit design,
it is estimated that the minimum activation voltage is 5 mV, though this is conservative
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Figure 7.23: Sensitivity of all acoustic switch designs as a function of size (at resonance).
as circuits not explored in this thesis could yield better results. The minimum pressure
for activation is therefore 2.5 × 10−3 Pa, 3.6 × 10−4 Pa and 5 × 10−6 Pa for the motion
of the base, low frequency, and spherical resonator designs, respectively. Based on the
10 dB signal to noise ratio, the spherical resonator is sensitive enough to actuate at the
maximum range of an acoustic signal up to 100 kHz. The motion of the base and low
frequency designs cannot reach the maximum range of an acoustic signal at frequencies
above 4.1 kHz and 17.1 kHz, respectively. A graph has been made of the maximum range
of an acoustic signal in the ocean for a signal to noise ratio of 10 dB up to 20 kHz, this is
also the maximum range of the spherical resonator design (Figure 7.25).
Figure 7.24 shows that the minimum operating frequency of the spherical resonator is
around 2,000 Hz. Comparing the results from Figure 7.25 to Figure 7.24 shows that at
2,000 Hz, the maximum theoretical range of the acoustic switch is on the order of 500 km.
It should be noted that many assumptions have been made throughout this thesis and that
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Figure 7.24: Sensitivity of all acoustic switch designs as a function of frequency (at reso-
nance).
the range number is just theoretical.
7.5 Comparison to existing products
This section compares the outputs of existing products to the results presented in this
thesis. The B&K 8103 is a hydrophone that consists of a piezoelectric surrounded by a
rubber substrate. According to its datasheet its sensitivity is 30 µV/Pa below resonance
and has a resonance around 180 kHz [4]. The housing of the piezoelectric is a cylinder
of diameter 9.5 mm and length 15.8 mm. This hydrophone works in the same manner
as the low frequency design in that an acoustic signal causes deflection in a piezoelectric
plate. By using the equations of the low frequency design with the dimensions of the B&K
8103, the calculated sensitivity is 311 µV/Pa and its resonance frequency is 183kHz. The
calculated sensitivity is roughly 10 times higher than the actual sensitivity. There are
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Figure 7.25: Maximum range of an acoustic signal in the ocean for a signal to noise ratio
of 10 dB, which is the same as the maximum range of the spherical resonator. This is for
spherical spreading, worst case attenuation and noise, and a 240 dB source.
several reasons for the order of magnitude difference the main one being that the rubber
dampens deflections and has not been accounted for in the calculations. Another reason
is that the size of the piezoelectric has been taken as the size of the rubber enclosure, the
piezo will be smaller and therefore its sensitivity will decrease. Lastly, the piezo material
properties have been assumed to be the same as those used in this thesis, this will likely not
be the case since there are many different types of piezoelectrics each with their strengths
and weaknesses. It should be noted that the low frequency design has a sensitivity of
150 V/Pa at resonance, which is on the order of 106 greater than that of the B&K 8103
and a sensitivity of .25 V/Pa away from resonance, which is on the order of 104 greater
than that of the B&K 8103. This does not imply a Q factor of the low frequency design
on the order of 106, rather it shows that the sensitivity of the low frequency design is
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on the order of 104 greater than the 8103 in all operating frequencies due to the size
and design differences between the two. The low frequency design is larger and couples
multiple piezoelectric plates to achieve a higher output voltage at all frequencies at a given
pressure. The equations used for the low frequency design match up favorably with the
actual outputs from the 8103 showing that the calculations are correct. The 8106 is another
B&K hydrophone that is larger than the 8103 and has a sensitivity of 2,000 µV/Pa, which
is on the order of 102 greater than that of the 8103 showing that the size of a piezoelectric
does increase its sensitivity.
The LDT0-028K is a commercial cantilever vibration sensor [19]. This vibration sensor
measures sensitivity in terms of V/g, where g is an acceleration term, instead of V/Pa.
The equations used in the spherical resonator calculations are compared to those of the
LDT0-028K. According to its datasheet, the LDT0-028K outputs a voltage of 7 V at a
deflection of 2 mm. Using the dimensional properties from the datasheet along with the
material properties used throughout this thesis, the calculated voltage output is 3.6 V.
This is of the same order of magnitude as given in the datasheet, but is still half that of
the LDT0-028K. The main reason for this is that the actual dimensions and composition
are unknown and have been assumed. The LDT0-028K has a proprietary polyvinylidene
fluoride piezoelectric with additional silver-ink electrodes of unknown properties. It is
therefore determined that the calculations used in this thesis are correct and line up with
commercial results. When comparing the spherical resonator sensitivity to the B&K 8103,
the sensitivity of the resonator is on the order of 108 greater than that of the 8103. Once
again this does not imply a Q factor of 108, rather the nominal output of the resonator is
on the order of 106 greater at all frequencies. This is mainly due to the use of a cantilever
and being much larger in size than the 8103. As an example, a 1 m x 1 m x .1 m plate
subjected to a uniform pressure of 1 Pa will be subjected to a strain of 1 Pa/E, where E
is the Young’s modulus. If this same plate were cantilevered and subjected to the same
pressure, the strain would be equal to Fdc
Ebh3/12
, which comes out to 300 Pa/E, or on the
order of two magnitudes greater than the plate. Comparing the results of the spherical
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resonator to the low frequency design shows that the cantilever design is two orders of
magnitude higher than that of the plate design, the same results as calculated by this
example.
Chapter 8
Prototype construction and testing
A proof of concept prototype was designed, constructed, and tested in order to show the
viability of this thesis beyond its theoretical foundations and into real-world applicabil-
ity. This prototype is not representative of a specific design, but rather is a very simple
representation of the underlying fundamentals. This prototype uses commercial parts to
show that acoustic pressure could be used to trigger a resonance response in a piezoelectric
material, which would create an electric signal of usable power. The prototype utilized
commercially available and inexpensive components; as such many different components
and configurations were tested to determine the best combination of sensor and interface
circuitry. The prototype was tested and optimized using a solderless breadboard, then
moved to a compact circuit design, and ultimately to a waterproof system with signal
and ground leads. The prototype was then tested in air in the Boston University acoustic
laboratory.
8.1 Design and construction
Several different types and brands of cantilever sensors, along with buzzers and disks, were
procured and tested to act as a representative acoustic switch. Based on the specifications of
the piezos, many types of integrated circuits (ICs) were tested to determine an appropriate
interface circuit for the given cantilever (Figure 8.1). Circuits were built for each of the
ideas laid out in the interface circuit section and ultimately the CMOS comparators worked
the best. The power coming from the cantilevers, as well as the buzzers and disks, was not
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enough to activate a low voltage latching relay (no active electronics), nor was it enough
to wake up a sleeping microcontroller. The available energy harvesting circuits consist of
several ICs and various other components, and was determined to be too cumbersome for a
simple concept, though future designs in this area would be valuable. Low power amplifying
ICs were tested, including CMOS comparators, Op-amps, and MOSFET transistors, all of
which worked, but the CMOS comparator utilized the lowest power. According to the data
sheet, the CMOS comparator uses .0006mA of quiescent current . While testing the current
draw with a multimeter, the measured current was .001mA, which was the resolution of the
multimeter; therefore .0006mA could be accurate. By using a standard Energizer 240mA
hr CR2032 battery, the battery will last for 45.7 years at .006mA or 27.4 years at .001mA;
these calculations are for when the circuit is not activated by a signal from the switch and
therefore are for maximum life. Table 8.1 shows all of the parts used in the prototype.
Figure 8.1: Various printed circuit board configurations used.
The prototype was constructed based on the CMOS comparator circuit with a full
wave-rectifier diode bank to make use of both the positive and negative signals coming
from the vibrating cantilever (see Figure 8.2 for circuit diagram and Figure 8.3 for as built
design of electronics). All of the components were soldered onto a protoboard and placed
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in such a way to optimally reduce size. A 3D printed spherical enclosure was designed and
created at Boston University’s Engineering Product Innovation Center (EPIC) to house the
cantilever and interface circuit (Figure 8.4). The enclosure was made as two hemispheres,
which were then adhered together using superglue, and the exterior surface was covered
in silicone to prevent and water leakage. A second enclosure was printed and assembled
to ensure the water-tightness of the 3D printed parts. The enclosure was filled with a
green paste that turns red when subjected to water. The inside was void of any circuitry
and instead replaced by counterweights to ensure that the assembly would stay submerged
(Figure 8.5). This sphere was glued and covered with silicone in the same manner as the
one with the internal circuitry. This enclosure was then submerged in water for 11 hours
and then was opened up using a hacksaw. It was determined by the color of the paste that
no water seeped through the silicone or 3D printed parts and therefore it was suitable to
store electronics in underwater. The final prototype is shown in Figures 8.6 and 8.7.
Figure 8.2: Circuit diagram of prototype.
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Component Part Number Quantity
Cantilever Piezo MSP1007 1
ProtoBoard V2010 Cut
Comparator MCP6542 1
Diode 1N4148 4
270 ohm Resistor 1
100 kohm Resistor 1
3D Printed Enclosure 1
221pF Capacitor 1
3V Battery CR2032 1
Wire as needed
Solder as needed
Table 8.1: Prototype parts list.
(a) Bottom. (b) Front.
Figure 8.3: Cantilever circuit.
8.2 Test
A test was set up in Boston University’s acoustics lab using a subwoofer, audio amplifier,
and a signal generator (laptop) as shown in Figures 8.8 and 8.9. None of the instruments
were calibrated, and therefore this test was subjective just to prove the concept. The
equipment used is listed in Table 8.2. The signal generator (laptop) was at half volume
and connected to a public address (PA) amplifier, which was connected to a subwoofer. The
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(a) Exterior. (b) Interior.
Figure 8.4: 3D printed structure.
(a) Prior to submersion. (b) Post submersion.
Figure 8.5: Water detection.
PA amplifier had an input volume adjuster and an output volume adjustment knob; the
input volume knob was set to approximately halfway and the output volume was adjusted
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Figure 8.6: Interior of final prototype.
Figure 8.7: Final prototypes.
throughout testing. The subwoofer was placed next to a table on which the prototype
was supported in the center of the speaker. The prototype was supported on a paper
box covered in a dense towel to reduce vibrations, and was later tested suspended by
tape. These two structures were used to minimize the effect of structural vibrations caused
by the subwoofers being transferred to the prototype; both structures were physically
tapped multiple times to ensure that vibrations in the structure didn’t transfer to the
prototype. The laptop produced sound waves at a given frequency through the use of
OnlineToneGenerator.com. The prototype was placed at three different distances from the
speaker: 2”, 4” and 6”. The output volume knob on the PA amplifier was adjusted until
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Description Model
Audio Amplifier Optimus MPA-125
50 Ohm Speaker P13-017-1
Laptop HP Pavilion DV6
Table 8.2: Equipment used in experiment.
either a signal was generated from the concept, noted by the LED lighting up, or if the
volume went above 5/8 of a full turn; 5/8 was determined subjectively to be the highest
comfortable volume of the speakers and PA system without any risk of damage to either.
Actual pressure measurements were not made during the test, rather the test was meant to
be more qualitative than quantitative as the prototype was not representative of a specific
design and an analysis of the prototype activation pressures would not give meaningful
results. The test consisted of 1Hz increments from 30-50 Hz and 5 Hz increments from
50-200 Hz at a distance of 6”. The full frequency range was not tested for 4” and 2”, rather
30-50 Hz was tested in 1 Hz increments and various frequencies from 50-200 Hz were tested.
The results are noted in the Table 8.3. Only the results around 40 Hz are presented as all
of the other frequencies did not produce activation at any volume.
Figure 8.8: Experiment set up.
Figure 8.9: Acoustic test setup.
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Distance = 6” Distance = 4” Distance = 2”
Frequency Amplitude for Signal Amplitude for Signal Amplitude for Signal
37 - - -
38 - - 5/8
39 - 5/8 1/2
40 5/8 1/2 3/8
41 - 5/8 1/2
42 - - 5/8
43 - - -
44 - - -
Table 8.3: Recorded data from in-air test of prototype. A ’-’ means that no volume would
produce a signal from the prototype. The fractions represent the volume of the PA system
required for activation of the prototype.
Based on the results, it was determined that the resonance frequency of the prototype
is 40 Hz. At a 6” distance, 40 Hz is the only frequency that induces a response. At closer
distances the frequencies that induce a response are +- 2Hz so hydrodynamic forces due to
the near field effect are not enough to trip the sensor and cause a false positive. Addition-
ally, the bare cantilever/comparator circuit was subjectively tested with the subwoofer to
see what its resonance frequency was. This assembly was not as sensitive as the prototype
and needed to be placed within 1/4” from the speaker to create a signal; once again this
only occurred at 40Hz so the hydrodynamic effects are not enough to activate the sensor.
The results of this test prove that the fundamentals of what has been presented in this
thesis are sound. This test, although qualitatively, shows that acoustic waves can be used
to generate a resonance in a structure through a fluid medium. This test shows that the
resonance of a structure could be used to create an electrical signal that is strong enough
to activate a circuit, in this case a light emitting diode. Based on the results, it is believed
that the prototype will be activated in water as well since both air and water are fluids,
with the main difference being density.
Chapter 9
Conclusions
In this thesis three conceptual designs of a novel acoustic communication device have been
presented and analyzed. The device provides several advantages over current technology
including operation under no power, low cost, and high reliability. This device can be
used in place of hydrophones in applications such as the military, commercial ventures,
and industrial systems. This device, named an acoustic switch in this paper, can also be
used to create new capabilities and new systems requiring low power and low bandwidth
acoustic communications; an example of which would be dormant systems that passively
wait while submerged in the ocean until receiving a wake up signal. A key specification for
any acoustic switch is frequency range.
This thesis summarizes work done by many others in the area of acoustic transmission
loss and ambient noise present in ocean environments. It has been shown that transmission
loss and ambient noise are frequency dependent and inversely proportional to one another;
acoustic transmission loss is minimal at low frequencies and increases with frequency, while
ambient noise is high at low frequencies and decreases with frequency. This thesis sought
to find the optimal frequency range for an acoustic switch and accomplished that by adding
both ambient noise and transmission loss to show that lower frequencies are optimal for
acoustic switch actuation. The designs presented are flexible in operating frequency to
make use of a broad range including those of lower frequency. It has been shown, with
order of magnitude assumptions, that an acoustic switch can be activated at frequencies
as low as 2,000 Hz at a maximum theoretical distance of 500 km.
The devices explored in this thesis are unique, but similar products for other purposes
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do exist, the most relevant being hydrophones. Hydrophones are explored as well as other
sensors that can be called derivatives of hydrophones. Both hydrophones and the acoustic
switches presented in this thesis share the same principles in that an acoustic pressure wave
creates an electrical signal. The main difference between the two is in the design criteria;
hydrophones are designed to never experience resonance, while the designs presented here
require resonance to operate. This philosophical difference lends itself to design differences
in that the concepts presented here are designed to have their resonance easily tailored
in small, but precise increments. A hydrophone theoretically could be used to make an
acoustic switch, but it would be a bad acoustic switch just like an acoustic switch can be
used to make a hydrophone, but it would be a bad hydrophone. A similar argument can be
made between hydrophones and accelerometers in that they both sense deflection due to
an external stimulus, but are designed for different applications and therefore are separate
types of sensors.
The acoustic switch operates on the premise of mechanical resonance, which is used
to create an electrical signal. This paper lays out many different ways in which resonance
can be used in an acoustic switch, but is in no way exhaustive as many more ways exist.
Three different designs are presented based on three different modes of resonance; harmonic
motion of the base, low frequency resonance, and normal mode deflection. A mass spring
system that is forced at its resonance frequency will exhibit large deflections. All three
designs ultimately converge to the same electrical excitation method and that is in the use
of piezoelectric ceramics; these materials output a voltage based on dynamic deflection.
The harmonic motion of the base designs are based upon a submerged object that moves
as a function of amplitude and frequency of an incoming pressure wave; this motion can be
coupled with an internal mass spring system that has a resonance frequency matched to
that of the incoming pressure wave. The low frequency resonance design is based upon a
time varying uniform pressure function acting on a spherical object, which acts to compress
and decompress the sphere. The sphere has piezoelectric plates adhered to its exterior and
these plates exhibit a resonance matched to that of the incoming signal. The normal mode
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design is based upon a hollow spherical shell, which exhibits known resonance deformation
shapes at specific resonance frequencies. The design is asymmetrical in order to force the
large deflections to occur at a known place along the sphere. The deflection is coupled to
an internal mass spring system that has its resonance frequency matched to that of the
spherical shell.
Several electrical interface circuits have been presented in this thesis, although their
use may not be required. The acoustic switch will produce an electrical signal, but this
voltage may be insufficient for specific applications. It could be left to the connecting
system to resolve the signals, but for easier interfacing with systems, designs have been
presented to convert the voltage to signals that are typically used in components. Interface
circuits have been explored that are passive, but also circuits have been explored that use
ultra low power active electronics; it can actually prove to be more power efficient to use
low power active electronics as passive components still leach quiescent power. Interface
circuits can be used to resolve signals as low as a few mV, and can be interfaced with
standard coin-type batteries to provide power for up to 46 years; this is beyond the typical
life of batteries and as such the batteries will more likely corrode than run out of power.
This means that even if an interface circuit is needed, it will likely last beyond the usable
life of the system it is attached to and is ideally suited for low power applications.
Each design has been analyzed for resonance frequency, spring constant and sensitivity,
where sensitivity is defined as voltage divided by pressure. The harmonic motion of the
base design was analyzed at sizes ranging from 10 to 200 cm, which produced resonance
frequencies from 2,000 to 18,000 Hz and sensitivities up to 10 V/Pa. The low frequency
resonance design was analyzed at sizes ranging from 4 to 10 cm, which produced resonance
frequencies from 40,000 to 50,000 Hz and sensitivities around 140 V/Pa. Altering the size
of the low frequency design did not have a considerable effect on the resonance frequency
since the piezoelectric plate thickness was kept constant, while the radius of the sphere
was increased. The thickness was kept constant to have a favorable comparison with
the harmonic motion of the base designs, which kept its piezo thickness constant while
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increasing its radius. The spherical resonator was analyzed at sizes ranging from 10 to 35
cm, which produced resonance frequencies from 2,000 to 16,000 Hz and sensitivities from
3,000 to 15,000 V/Pa. It can be seen that the spherical resonator produced the highest
sensitivity by 2 orders of magnitude and did so at low frequencies. The harmonic motion
of the base design had a similar frequency range to that of the spherical resonator, but
with sensitivities 3 orders of magnitude less. This is due to the motion of the base design
being much stiffer than that of the spherical resonator, which means that its piezoelectric
deflection is much less and deflection is proportional to voltage output. The low frequency
design produced resonance frequencies higher than those of the other two, with sensitivites
between the two.
A proof of concept model was designed, built, and subjectively tested at the labs in
Boston University. Commercial components were procured and extensive testing was done
in order to determine the best combination of mechanical components and electrical com-
ponents. In this case, the resonating piezoelectric element was selected as a commercially
available cantilevered vibration sensor. In order to use the sensor, an electrical interface
circuit was needed and it was ultimately built based on a CMOS comparator powered by
a CR2032 battery; the life of the interface circuit was calculated by dividing the energy
density of the battery by the power draw of the circuit and determined to be a maximum
of 46 years. The sensor and electronics were fit inside of a spherical enclosure that was 3D
printed at Boston University’s Engineering Product Innovation Center and waterproofed
with silicone sealant. The concept was qualitatively tested in air in the acoustics labora-
tory at Boston University and the resonance frequency was determined to be 40 Hz. The
prototype was not representative of any of the specific designs, but was rather designed
to prove that an acoustic wave could induce a resonance response in a structure, which
could then be used to create a usable electrical signal. The prototype made extensive use
of commercially available parts, the main one being a low frequency cantilever vibration
sensor, which set the resonance of the device at 40 Hz.
Chapter 10
Appendices
10.1 FEAs
Figure 10.1: FEA results of non bonded FEA where the outer diameter of the inner sphere
is 100mm and the thickness of the piezo layer is 20mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
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Figure 10.2: FEA results of non bonded FEA where the outer diameter of the inner sphere
is 100mm and the thickness of the piezo layer is 5mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
Figure 10.3: FEA results of non bonded FEA where the outer diameter of the inner sphere
is 50mm and the thickness of the piezo layer is 20mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
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Figure 10.4: FEA results of non bonded FEA where the outer diameter of the inner sphere
is 50mm and the thickness of the piezo layer is 5mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
Figure 10.5: FEA results of non bonded FEA where the outer diameter of the inner sphere
is 10mm and the thickness of the piezo layer is 20mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
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Figure 10.6: FEA results of non bonded FEA where the outer diameter of the inner sphere
is 10mm and the thickness of the piezo layer is 5mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
Figure 10.7: FEA results of bonded FEA where the outer diameter of the inner sphere is
100mm and the thickness of the piezo layer is 20mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
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Figure 10.8: FEA results of bonded FEA where the outer diameter of the inner sphere
is 100mm and the thickness of the piezo layer is 5mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
Figure 10.9: FEA results of bonded FEA where the outer diameter of the inner sphere
is 50mm and the thickness of the piezo layer is 20mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
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Figure 10.10: FEA results of bonded FEA where the outer diameter of the inner sphere
is 50mm and the thickness of the piezo layer is 5mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
Figure 10.11: FEA results of bonded FEA where the outer diameter of the inner sphere
is 10mm and the thickness of the piezo layer is 20mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
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Figure 10.12: FEA results of bonded FEA where the outer diameter of the inner sphere
is 10mm and the thickness of the piezo layer is 5mm. The inner sphere is defined as an
analytic rigid surface and the piezo layer is PZT.
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